Summary The remodeling transient describes a change in bone mass that lasts one remodeling cycle following an intervention that disturbs the calcium economy. We demonstrated the transient in a study of the response of bone density to calcium/vitamin D3 supplementation and show the hazards of misinterpretation if the transient is not considered. Introduction The remodeling transient describes a change in bone mass that lasts for one remodeling cycle following an intervention that disturbs the calcium economy. Methods We report an intervention with calcium and vitamin D supplementation in 208 postmenopausal African-American women where the remodeling transient was considered a priori in the study design. Both groups (calcium alone vs. calcium + 20 μg (800 IU) vitamin D 3 ) were ensured a calcium intake in excess of 1200 mg/day. Results There were no differences between the two groups in changes in BMD over time. These BMD changes were therefore interpreted to reflect increased calcium intake in both groups but not any influence of vitamin D. A transient increase in bone mineral density was observed during the first year of study, followed by a decline. The remodeling period was estimated at about 9 months, which is similar to histomorphometric estimates. Conclusion It is problematic to draw conclusions concerning interventions that influence the calcium economy without considering the remodeling transient in study design. Studies of agents that effect bone remodeling must be carried out for at least two remodeling cycles and appropriate techniques must be used in data analysis.
Introduction
Interpretation of studies evaluating the effect of calcium or vitamin D supplements on bone loss can be incomplete when researchers fail to consider the remodeling transient in their study design. The remodeling transient is a concept that was developed from the understanding of bone histomorphometry and from calcium kinetic analyses [1] [2] [3] [4] [5] [6] [7] . A change in the activation frequency of new remodeling units as the result of reduction in parathyroid hormone (PTH) secretion (by increasing calcium and/or vitamin D intake or by administration of any antiresorptive agent) will result in a change in bone mass that persists for one remodeling cycle but may not be retained in subsequent remodeling cycles. This occurs because although the number of units of bone that are active are reduced, previously activated units are progressing at the prior rate. The remodeling space is reduced and bone is transiently in positive balance. After the completion of one remodeling cycle new units are progressing at a rate similar to the rate at which old units are being removed. Thus, the change in remodeling balance lasts only for the duration of one remodeling cycle (at least 6 months) and is appropriately referred to as "transient". If common linear regression (which assumes proportionality and therefore ignores any 'peak' in the data plot) analytic techniques are used to model bone loss studies, or if studies are not conducted for a long enough period of time, the remodeling transient can incorrectly be interpreted as a long term beneficial result of the intervention.
We recently completed a study of the effect of vitamin D supplementation (20-50 μg/d) on bone loss in calcium replete, African-American postmenopausal women [8] . We performed the trial with the remodeling transient considered in our study design. Although we noted no benefit of vitamin D supplementation in the dose used over and above calcium supplementation, we were able to detect the remodeling transient in both the vitamin D plus calcium and calcium alone groups in almost all of the sites observed (the lumbar spine being the exception). We present here a detailed analysis of the remodeling transient and its relevance in interpreting interventions that reduce bone remodeling. We seek to answer the following questions: 1). What period of time best describes the remodeling transient? 2). Are there observable changes in serum PTH and bone remodeling markers that are consistent with the transient effect?
Methods

Participants
Ambulatory postmenopausal African-American women not on hormone replacement therapy were recruited from the Long Island community (Table 1 ). All the participants provided written informed consent and the trial was approved by the institutional review board of WinthropUniversity Hospital. African-American ancestry of the participants was assessed by self-declaration that both parents and at least three out of four grandparents were African-American. Exclusion criteria included previous treatment with bone active agents and any medication or illness that affects skeletal metabolism.
Study design
The participants were randomly assigned using a computergenerated sequence to receive either 20 μg/d (800 IU/day) of oral vitamin D 3 or a matched placebo. Data are presented for the first 24 months, which includes the remodeling transient and at least one subsequent remodeling cycle. Calcium intake was assessed by food frequency on each visit and supplements were given to both groups to ensure a total daily intake of 1200-1500 mg calcium. Supplements were supplied as calcium carbonate (500 mg or 250 mg of elemental calcium) and were taken with meals in divided doses. Vitamin D 3 (20 μg) and matched placebo capsules were custom-manufactured for the study (Tishcon Corp., Westbury, NY).
Outcome variables
Bone density measurements
Bone mineral density (BMD) was measured at 6-month intervals at the total femur, non-dominant mid-radius, whole body, and spine (AP) with a dual-energy x-ray absorptiometer (model QDR 4500, Hologic Inc. version 9.80D). The coefficient of variation at our center for lumbar spine (L1-L4) is 0.81%, total hip is 0.62%, total body is 0.49% and mid-radius is 0.78%. Total body BMC is reported with data from the skull region deleted.
Laboratory tests
A fasting blood sample was collected for analyses of calcium, parathyroid hormone (PTH), 25-hydroxyvitamin D (25-OHD), osteocalcin, and c-terminal telopeptide (CTX) at baseline, 3, 6, 12, 18, 24, 27, 30 and 36 months. Serum albumin was measured annually. Serum PTH was measured by the Allegro intact-PTH immunoassay purchased from Nichols Institute Diagnostics (San Juan Capistrano, CA) [9] . Serum 25-OHD was measured by radioimmunoassay (RIA) using a kit manufactured by DiaSorin, Inc. (Stillwater, MN) [10] . Serum osteocalcin and serum CTX (c-terminal telopeptide of Type-1 collagen) were measured by a one step enzyme-linked immuno-absorbent assay (ELISA). The kits were manufactured by Nordic Bioscience Diagnostics A/S (Herlev, Denmark).
Statistical methods
The theory behind the remodeling transient suggests a quadratic shape to the BMD curve drawn over a time period that includes measurements made before, during and after the transient period as proposed by Heaney [3] . This assumption was tested statistically by estimating the parameters of a repeated measures mixed ANOVA model containing the terms time and time-squared to test for the adequacy of a quadratic model over the first 18 months of the study. This period was chosen because the change after 18 months was clearly linear. At all sites (except lumbar spine) the addition of time-squared to the linear model was highly significant. We calculated the maximum of these parabolic curves by differentiating the fitted quadratic functions determined by the estimated parameters, setting them to zero and solving for time. This approach was confirmed heuristically by determining the month when each individual patient's BMD reached a maximum and then calculating the mean month across the sample. This measure was highly correlated with the quadratic approach.
Only the quadratic calculated peak is reported. The P-values cited below were generated using a mixed model ANOVA for all changes over time except for 6-month differences (0-6 and 6-12 months); there a paired ttest was used. Univariate Pearson and (non-parametric) Spearman linear correlations were computed to quantify the concomitant changes over the time periods baseline to three months, baseline to six months (for BMD and BMC) and three to six months, six to 12 months, 12 to 18 months and 18 to 24 months between pairs of variables from the set, including BMD and BMC measures, serum calcium, serum PTH, 25(OH)D, and the bone markers serum osteocalcin and CTX. Multiple linear regression models were tested to determine the independent contribution of these variables on the changes in BMD at the various sites. There were no statistical differences between the Ca and Ca+D groups in all variables, including baseline characteristics and adherence. There were no differences between the groups at any time point with respect to PTH, serum calcium, osteocalcin or CTX. (The only exception, of course, was 25 (OH)D.) We, therefore, pooled the two groups in the analyses presented below. When analyzed separately the pattern of results and conclusions are the same.
A p-value below 0.05 was considered statistically significant. Results are presented as mean (standard deviation) and as 95% confidence intervals where appropriate. Alternative hypotheses were two-sided. Pearson correlation analyses were done between the calcitropic hormones, serum 25-OHD, indices of bone turnover, and the bone mineral density measurements. For data analysis, we used the statistical package SAS 9.1 (SAS Institute, Inc., Cary, N.C.).
Results
Baseline characteristics
The baseline demographic profile of the study population is summarized in Table 1 . The baseline laboratory values are given in Table 2 . There were no significant differences between the two groups. A majority of the participants had some college experience. These black women had a moderately active lifestyle. Approximately 47% of women were taking supplemental calcium and/or vitamins at baseline. Seven percent of subjects were still smoking. The initial BMD at the total hip for the whole cohort ranged from normal (65%) to osteopenic (33.6%) to osteoporotic (1.4%) with a mean T-score of −0.03 (1.08) (range: −3.0, 2.9) using NHANES III young white females as the reference. The age, sex and race adjusted Z-score had a mean of 0.18 (0.85) (range: −2.2, 2.6). The baseline 25-OHD levels ranged from 12.5 nmol/L to 99.7 nmol/L with a mean level of 45.1±18.8 nmol/L in the study population.
Adherence
Pill-count compliance was 87% (8%) of vitamin D pills consumed after the randomization visit. Approximately 96% (7%) of the subsequent visits were kept by our patients. Daily calcium intake including supplements was 1312±153 mg/d in the Ca group and 1349±204 mg/d in the Ca + D group.
Serum PTH, calcium, and 25OHD concentration
The response of PTH to calcium is shown in Fig. 1b . A statistically significant decline at three months in PTH (Fig. 1a) . The serum calcium remained above the baseline value throughout the 24-month time period. Serum albumin was not obtained on each study sample so that serum calcium could not be corrected for each study period. However, albumin measured annually remained unchanged, and corrected serum calcium did not differ in its direction from uncorrected calcium. Mean serum 25-OHD levels increased in the Ca + D group from a baseline of 47 nmol/L (42.9, 50.9) to 71 nmol/L (66.6, 76.3), (p<0.001) with 3 months of 20 μg/d vitamin D 3 . The serum 25-OHD levels in the Ca alone group did not change significantly throughout the study. Bone density There were no differences in rates of bone loss at any time between the vitamin D + calcium vs. the calcium alone supplement groups, so for purposes of subsequent analyses the bone density data were pooled. Each group, when also analyzed separately, showed no difference in the pattern of changes from the combined analyses, so only the latter are reported here. Over the two-year period, there were statistically significant declines in BMD at each site except the lumbar spine. However, when the first year of data is considered separately, an increase was seen at all sites. The significant change over the first year can be seen to consist of two stages: a highly significant increase over the first six months and a relative lack of change from six to twelve months. During the second year, highly significant decreases are seen in BMD measures (except for the lumbar spine), which is remarkably stable across time in several studies in addition to ours.
Presumably, this initial six-month change represents the temporary reduction in the remodeling space resulting from increased calcium intake and reduction in serum PTH. Table 3 provides the absolute and percent BMD change for the total femur, lumbar spine, mid-radius and total body BMC, at baseline to six months, six months to one year, baseline to one year, and 1 to 2 years of the study.
While the BMD data peaks at the six-month observation, the six-month gap between measurements does not allow us to observe the actual peak directly. The data may more appropriately be viewed in terms of the duration of the remodeling transient by fitting a quadratic function through the first 18-month data points at each site (except the 'flat' lumbar spine). The analytic peak was 9.7 months for the total femur, 8.9 months for TBBMC, and 9.6 months for the 1/3 radius. The values for bone density are schematically depicted as Fig. 1e ,f before and after the transient. While the DXA data are depicted as the absolute BMD values; Table 3 also includes the percent change from baseline to 6 months, baseline to one year, 6 months to one year and one to two years.
Biomarkers of bone remodeling
The median values at baseline, 3, 6, 12, 18 and 24 months for the serum CTX and osteocalcin are depicted in Fig. 1c,d . A decline at 3 months was statistically significant for both markers, CTX and osteocalcin.
CTX decreased significantly from 2501(1069) pM to 2087 (1160) pM, p < .0001) at 3 months. Osteocalcin decreased significantly from 15.2 (7.7) ng/ml to 14.3 (7.3) ng/ml, p<.0005) at 3 months. The transient increase in BMD at all sites (except lumbar spine) at the six-month measurement was paralleled by a corresponding increase in serum calcium and a statistically significant decline in PTH, CTX and osteocalcin. Mean differences and correlations often present two distinct types of information (e.g., it is possible that two groups of scores may have a mean difference but no correlation or vice versa) [11] . Therefore, Table 4 presents the bivariate correlations of corresponding changes between pairs of variables over all patients across the same time periods depicted in Fig. 1 . The PTH changes were positively correlated with changes in the bone markers (CTX and osteocalcin). The six-month changes in the bone markers were highly significantly (negatively) correlated with the femur BMD changes. The linear associations between these variables are confirmed by the pattern of correlations across the other time periods. Serum 25(OH)D was correlated with serum PTH.
By the end of the remodeling transient, when serum calcium and PTH levels reached a steady state (12 months), CTX and osteocalcin were no longer reduced, and levels rose above baseline. BMD resumed its post-menopausal downward trend and BMD was lost from all sites (except the spine).
One can see the correspondence between the means among serum calcium, PTH, osteocalcin, CTX and bone density by the parallelisms and mirror images among the six graphs of Fig. 1 . The degree of association is quantitatively summarized by the positive and negative correlations between the change scores over 3, 6 and 12 months from baseline in Table 4 . These results are consistent with a model of increased dietary calcium increasing serum calcium (Fig. 1a) which in turn suppresses PTH (Fig. 1b) . This results in a reduction in bone turnover (Fig. 1c,d ) and a subsequent increase in BMD (Fig. 1e,f) . Support for this model is also seen in the positive correlations between PTH and CTX (r=0.40, p<.0001) and PTH and osteocalcin (r=0.15, p<.06) in the changes from 3 to 6 months. 
Discussion
The primary objective of our study was to investigate the influence of vitamin D supplementation on bone loss in calcium replete, African-American post-menopausal women. We found that there was no influence of vitamin D supplementation in the dose provided on rates of bone loss in these women who were supplied with a daily calcium intake of 1300 mg and were presumably calcium-replete. Indeed, serum 250HD levels were not correlated with rates of bone loss [12] . We did, however, detect an early increase in bone density in both groups which is presumably the result of almost doubling the calcium intake in both groups from mean values of 759 mg/day to 1300 mg/day. The peak of bone density increase was analyzed using a quadratic model which revealed a remodeling peak of 8.9 months for TBBMC. Most of the sites had a similar parabolic shape and remodeling transient duration, except for the lumbar spine which increased at 6 months but did not decline thereafter. This response of the lumbar spine has been noted in other studies [12] . The most plausible explanation given for the failure to observe a decline in the lumbar spine even in placebo groups involves a technical aspect of DXA.
There is an increase in vascular calcification and osteophytes which leads to false elevation in lumbar spine DXA values with aging [13, 14] . It is apparent that the results of this study would be interpreted differently if the remodeling transient were not considered. If the study were carried out for one year, it might be suggested that calcium (vitamin D) intake increases bone mass. The difference between rates of loss after the transient interval vs. rates of bone loss during the remodeling transient are depicted in 1e and 1f. In the first year of the study, there was a statistically significant increase of bone density at each skeletal site. However, when the data were analyzed after the first year there were significant losses at every site (except the spine).
Mackerras and Lumley [15] performed a meta-analysis of randomized clinical trials of calcium augmentation with over 2 years of data. They reviewed nine studies to determine if rates of loss with increased calcium intake differed between the first and second year of intervention [16] [17] [18] [19] [20] [21] [22] [23] . They concluded that there was a difference in the rate of loss in the first year but no difference in rates over subsequent years. Heaney [24] evaluated three published calcium intervention studies for errors that may occur in interpretation by not considering the remodeling transient. The Dutch menopausal study evaluated adding 1000-2000 mg/d to diets that had a mean intake of 1150 mg/day [25] . An increase in BMD was noted in both groups compared to the placebo group at 1 year followed by a parallel rate of skeletal loss in all 3 groups. Thus, the new steady intake rate of loss was unchanged after a year despite intakes of 2150 or 4150 mg of calcium/day. The Indiana Twins study was a 3-year trial of calcium intervention in identical twins [26] . There was an initial rise in BMD in the supplemented twins followed by a slower rate of increase. After discontinuing the supplement, the difference between the twins diminished. A study by Peacock et al. [27] was also cited. Heaney [3] calculated an 8% reduction in remodeling at year 1. There was a gain in bone density of 0.6%/year at one year, at 2 years it was 0.2%/year, and at years 3 and 4, it was −.012%/year and −.05%/year, respectively.
Calcium supplementation studies have shown that when the supplementation is discontinued rates of bone loss revert to pre-supplementation levels [28] . The effect of calcium supplementation may be limited to the first remodeling cycle; it is expected that when the intervention is discontinued a remodeling cycle with remodeling balance in the opposite direction follows. Several studies carried out over a prolonged period (4 years) suggest a sustained benefit of calcium supplementation on bone mineral density [29] [30] [31] .
The timing of the changes in the biochemical measurements in this study are of interest, and are consistent with the concept of a calcium intake/PTH mechanism for the remodeling transient. Serum calcium increased slightly after calcium supplements were initiated, and PTH levels declined. This resulted in a temporary decline in bone marker levels (bone turnover). Bone density increased for the first remodeling cycle, presumably as a result of a reduction in the remodeling space. Although serum calcium remained elevated above baseline, PTH levels increased to a level towards baseline. It would have been of interest to measure PTH continuously rather than simply in the fasting state, but this was not planned [32] . After completion of the remodeling cycle (9 months), the markers of bone turnover increased to above baseline. Whether this represents a remodeling cycle in the opposite direction following the remodeling transient is uncertain.
Our estimated length of the remodeling cycle is of interest in comparison to studies using bone histomorphometry. Kimmel et al. [33] performed transiliac biopsies in 34 healthy premenopausal women and 90 women with postmenopausal osteoporosis. The mean remodeling period (years) was .96±.75 for osteoporotics and 1.12±1.03 (SD) for normals (N.S.). It is important to appreciate that these studies were performed in white women. Han et al. [34] and Weinstein and Bell [35] reported that bone formation rate is lower in African-American women. The mean formation period (the time required to rebuild a new structural unit) was prolonged in blacks compared to whites (39.5 days vs. 81 days, respectively) [35] . In addition, the bone markers in the current study are lower than in white women, confirming previous reports [36] . Ethnic differences in bone remodeling may have important implications for the design and interpretation of clinical intervention studies that target bone remodeling.
Calcium supplementation suppresses the synthesis of calcitriol, presumably by producing an increase in serum calcium which reduces PTH secretion as observed in this study. Other investigators have also noted reduction of calcitriol levels following increased calcium intake [37, 38] . In a previous study comparing calcium supplementation to hormone replacement therapy (HRT) and to placebo, we found that calcium supplementation suppressed serum levels of 1,25(OH)2D, whereas these levels were maintained in the HRT plus calcium group [39] . Estrogen increases the synthesis of 1,25(OH)2D [39] . This observation is interesting in light of the calcium-vitamin D arm of the Women's Health Initiative [31] . This study has been criticized because inadequate vitamin D was provided. However, subset analyses revealed a beneficial effect of calcium/D supplements in those who were on HRT. Could the presumably higher levels of calcitriol prevent falls and hip fracture and thereby explain this observation? It can also be suggested that the very high calcium intake with an inadequate vitamin D intake in the WHI could lead to reduced protection against falls and fracture.
Our study limitations include the lack of a control group that did not receive supplementation with calcium or vitamin D. A calcium-deficient control group was not included for ethical concerns in a long-term study. The different findings between the calcium and calcium plus vitamin D group, however, were clear. The strength of this study is that we predicted a priori that there would be a remodeling transient and it was indeed observed.
In conclusion, failure to consider the remodeling transient in study design may result in incorrect conclusions not only in calcium or vitamin D supplementation studies, but in any intervention that temporarily reduces the remodeling space. Heaney [7] applied this reasoning to antiresorptive treatment of osteoporosis. Nonetheless, a recent publication of a promising new bone active agent did not mention the transient even though the study was carried out for only one remodeling cycle [40] . Hopefully, there will be greater awareness of the effect of the remodeling transient in the future. Certainly claims for efficacy of an antiresorptive medication should not be made based on one remodeling cycle.
